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論 文 内 容 の 要 旨 
 
Chapter 1: Introduction 
 
Nonequilibrium condensation occurs when flows accelerate to transonic or supersonic speed with the 
rapid expansion. In the flow situation, the fluid is still gas even at a pressure and temperature below the 
saturation point, i.e., the fluid is under an oversaturated condition called a metastable condition. Fluids 
without external nuclei such as aerosol or dust become such oversaturated state. Then nonequilibrium 
condensation starts without nuclei of water droplets. This process is called homogeneous nucleation. After 
the homogeneous nucleation, nonequilibrium condensation starts while releasing the latent heat of gaseous 
fluid, resulting the temperature and pressure increase. Such nonequilibrium condensation may affect the 
performance of fluid machines, especially steam turbines for electric power generation or supercritical 
carbon-dioxide (sCO2) power plants which is expected for a future electric power generation. 
   Low-pressure (LP) steam-turbine stages in thermal power plants operate near the saturated vapor 
conditions and nonequilibrium condensation occurs in the stages. Since the nonequilibrium condensation 
and the resultant water droplets may induce the performance losses, a number of research groups have 
investigated the wet-steam flows experimentally and numerically. However, the flow physics has not been 
sufficiently understood because of the unsteady phenomena. The techniques of unsteady measurements and 
unsteady flow simulations are now still being developed. For examples, CO2 is accelerated and may be 
condensed locally near a blade surface under a high-pressure state in the compressor expected in sCO2 
power plants. Unfortunately, the experimental study investigating the nonequilibrium condensation of CO2 
gas is still rare, and also numerical approaches to simulate them has not been yet conducted. In this study, 
resolving such complicated multiphysics flow problems deeply related to nonequilibrium condensation 
under low- and high-pressure conditions is the main issue.  
 
Chapter 2: Numerical Methods for Low-pressure and High-pressure Fluid Flows with 
Nonequilibrium Condensation 
 
     This chapter introduces numerical methods to solve flows including nonequilibrium condensation 
process. Fundamental equations governing both low-pressure and high-pressure fluid flows are defined as 
the set of conservation equations for vapor-liquid mixed density, momentums, total energy, liquid density 
and number density of liquid droplets, coupled with SST turbulence model. The low-pressure condition can 
employ the equation of state with ideal gas assumption. Otherwise, high-pressure fluid flows must consider 
the real-gas effect. The real-gas equation of state and thermophysical properties are referred from the 
Reference Fluid Thermodynamic and Transport Properties database (REFPROP database) developed by 
National Institute of Standards and Technology (NIST). Considering the real-gas effect, nonequilibrium 
condensation model for high-pressure fluid flows is redefined by predicting the free energy. As numerical 
methods, Roe’s approximate Riemann solver and compact MUSCL are employed for differencing the 
convection terms of the fundamental equations. The viscous term is approximated by the second-order 
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central-difference scheme. LU-SGS method is applied to the time integration. 
 
Chapter 3: Numerical Simulation of Wet-steam Flows through Multi-stage Stator-rotor Blade Rows 
in Low-pressure Steam Turbine 
 
     In this chapter, the numerical methods for the low-pressure fluid flows are applied to the simulation 
of unsteady wet-steam flows through multi-stage stator-rotor blade rows in a LP steam turbine. Two 
computational grid types that modeled an actual LP steam turbine developed by Mitsubishi Heavy 
Industries (MHI) are considered. The first grid approximates the blade number as the same number in each 
stator and rotor and calculates only single passages with periodic boundary conditions to reduce 
computational time. The second grid assumes an approximately real blade number for a multi-passage 
computation. The computational codes are customized for a supercomputer SX-ACE with the 
parallelization by the message passing interface (MPI). Primary values such as absolute Mach number, 
wetness, and static pressure obtained by considering the real blade number are compared with those 
assuming the same blade number. Both sets of values indicate that the presence of wet-steam flow is 
essentially unsteady and that the values are significantly influenced by flows coming from the two former 
stages and by the shocks and wakes that are generated in the last stage. Strong shocks are generated from 
last-stage stator blade trailing edges near the hub region and those shocks come into contact the adjacent 
rotor blade noses. A reflection wave is further generated from each rotor blade nose after that the shock 
from the stator blade is transferred to the rotor blade. The reflection wave is then propagated toward the 
stator blades as a pressure wave. All pressure waves are further merged and a long-streak structure is 
formed in the multi-passage case. The combination of such complex interactions finally induces a pressure 
fluctuation on each rotor blade and results in torque fluctuation. The difference between the stator and rotor 
blade pitches produces a different-phased torque fluctuation on each rotor blade. The torque difference 
between pairs of neighboring rotor blades have the same periodic cycle, but a different phase. These cycles 
have a maximum positive value and a minimum negative value at each cycle. Such variation in the torque 
difference indicates that the torque on each rotor blade fluctuates in actual and every set of two neighboring 
rotor blades experiences a load imbalance at every time step when a shock from a stator blade hits the rotor 
blade noses. 
 
Chapter 4: Nonequilibrium Condensation Effects on Final-stage Long Rotor Blade Rows in 
Low-pressure Steam Turbine 
 
     This chapter presents the effect of condensation on the time-dependent torque of final-stage 
long-rotor blade rows in a LP steam turbine. The condensation effect is investigated by simulating the 
unsteady wet-steam flows in the actual three-stage LP steam turbine while changing the inlet temperature 
condition. The actual three-stage LP steam turbine developed by MHI is modeled for present study as in 
chapter 3. Four computational flow conditions are defined for the simulation in the present study. One is the 
design condition and additional three cases are considered with inlet temperatures of +50, +25, and −25 K 
from the design specification. First, the temporally and spatially averaged static and total pressure 
distributions at the outlet of the third-stage rotor blades for the design condition are compared with the 
experimental data. The static pressures near the tip are in good agreement with the experimental values, and 
the total pressures near the mid-span region completely coincide with the experimental values, regardless of 
the discrepancies near the hub and tip. This difference may be due to the lack of the consideration for 
coarse water droplets and leakage flows near the wall. Next, the calculated flow fields are compared each 
other. The location where condensation starts shifts upward or downward according to the decrease or 
increase in the inlet temperature as compared with that of the design condition, and the wetness obtained 
for all four cases increases linearly downward, similar to the design case. The shock structures at 10% and 
90% span obtained for the cases of the highest and lowest inlet temperature are compared with each other. 
Then the structures at 10% span are identical for all inlet temperatures, whereas the shock structures at 90% 
span are distinct. A higher release of the latent heat in the case of the lowest inlet temperature may 
relatively weaken the strength of the shock at 90% span. Finally, time-dependent torques calculated from 
the time-dependent pressure on a final-stage long-rotor blade are relatively compared. Off-design inlet 
temperatures change the torque applied to the last-stage rotor blades. Inlet temperatures higher than the 
design value decrease the torque on the final rotor, whereas an inlet temperature less than the design value 
increase torque on the final rotor. The changes in pressure on the final rotors are clearly influenced by the 




Chapter 5: Simulation of High-pressure Carbon-dioxide Flows with Nonequilibrium Condensation in 
Laval Nozzles 
 
     In Chapter 5, the numerical methods for the low-pressure fluid flows are extended to the methods for 
high-pressure CO2 flows with nonequilibrium condensation. The equation of state for real gas CO2 defined 
in REFPROP database is employed to obtain accurate pressure and temperature of high-pressure CO2 flows. 
Before the computation, the pressure, temperature and other thermophysical properties obtained from the 
REFPROP database are converted to look-up tables for reducing the computational time. Numerical 
simulations are conducted for the flows through a two-dimensional axisymmetric Laval nozzle and a 
three-dimensional Laval nozzle under high-pressure conditions. First, two-dimensional axisymmetric Laval 
nozzle are simulated to validate the numerical methods for high-pressure CO2 flows with nonequilibrium 
condensation. The computed wall pressure is compared with the experiments and shows good agreement 
with the experimental results. Next, high-pressure CO2 flows in the two-dimensional axisymmetric Laval 
nozzle are simulated with and without condensation models and then three different inlet temperatures are 
considered to clarify the effect of the nonequilibrium condensation. The comparison of results simulated 
with and without condensation models indicate that the nonequilibrium condensation starts near the throat, 
and the pressure and temperature are increased at the diverging area by the release of the latent heat; 
contrariwise, the Mach number is decreased at the region. The results conducted at three different inlet 
temperatures show that the position of the maximum nucleation rate of CO2 liquid particles is moved by the 
difference of inlet temperature, resulting in the pressure difference at the diverging area. The results also 
indicate that the condensation certainly affects the performance of the Laval nozzle. Finally, high-pressure 
CO2 flows in a three-dimensional Laval nozzle are numerically investigated to clarify the effect of real-gas 
consideration in the numerical simulation. Four static pressure are obtained by assuming real gas with and 
without condensation model and ideal gas with and without condensation model, and the distributions 
along the nozzle centerline are compared with experiments. Note that the ideal-gas cases are obtained from 
two-dimensional calculation. The obvious pressure increase is found only in the real-gas case with 
condensation model, and the position of the increase is in agreement with the experimental data. In contrast 
to that, the ideal-gas case shows small pressure rise and the static pressure in the diverging area is much 
lower than experimental data. These results indicate that the consideration of the real gas effect with 
nonequilibrium condensation model is absolutely crucial for simulating high-pressure CO2 flows with 
nonequilibrium condensation. 
 
Chapter 6: Conclusions 
 
     The objective of this study was to resolve flow problems with nonequilibrium condensation by 
numerical approaches. Then unsteady wet-steam flows with nonequilibrium condensation through 
multi-stage stator-rotor blade rows in an LP steam turbine considering actual number of blades were first 
simulated and the effect of unsteady flow phenomena and the nonequilibrium condensation on the long 
rotor blade were investigated. The results indicate that the torque on long rotor blades in the LP steam 
turbine are unsteadily fluctuated by shock interactions near the hub region and accurately considering the 
actual blade number and predicting the amount of latent heat due to condensation at the final stage is a 
crucial issue to evaluate the time-dependent torque on the final-stage long-rotor-blade rows. Next, CO2 
flows with nonequilibrium condensation under a high-pressure condition were also simulated and the 
results were compared with experimental data. The results indicate that the considering the real gas effect 
and nonequilibrium condensation certainly affect the pressure distribution of high-pressure CO2 flows and 
is absolutely crucial for simulating high-pressure CO2 flows with nonequilibrium condensation. 
 
 
 
論文審査結果の要旨 
 
再生可能エネルギーの普及により電力の負荷変動が大きくなり，既存の火力発電所では以前に
も増してタービンに高負荷な運用が強いられている。最新のタービン設計においてはこれら高負
荷への対応に加えて，高温熱流体による翼の過熱，水蒸気の非平衡擬縮，超臨界水による翼の腐
食などタービン性能に影響を与える様々な問題も同時に解決しなければならない。したがって，
高効率でかつ高信頼なタービンを設計するためには，これらマルチフィジックスを模擬する数理
モデルを熱流動の支配方程式と連立して数値計算することができるマルチフィジックス CFD 技術
の開発が必要である。本論文では，低圧のみならず高圧環境の非平衡凝縮熱流動が正確に数値計
算できる数理モデルならびに数値解法を応用して，蒸気タービン低圧段を通る湿り蒸気流れ，な
らびに非平衡凝縮を伴う超臨界 CO2熱流動の実用的流動問題を数値解析している。全編６章から
なる。 
第１章は序論であり，本研究の背景，目的および構成を述べている。 
第２章では，非平衡凝縮流れの数理モデルならびに数値解法が述べられている。特に，これま
で提案された低圧環境を仮定した非平衡疑縮モデルでは正確な計算が困難であった，高圧環境に
も実用できる非平衡凝縮モデルならびに数値解法が述べられており，実用問題に応用する上で有
用な知見である。 
第３章では，低圧環境における実用的な非平衡疑縮問題として蒸気タービン低圧三段の静動翼
列を通る湿り蒸気流れを数値解析している。その結果，特に最終段において静翼後方から発生し
た衝撃波が後続の動翼と干渉する極めて非定常性の強い非平衡凝縮流れが発生しているとした計
算結果が世界で初めて示されており，次世代の低圧タービン翼設計において有用な知見である。 
第４章では，第３章の展開として，蒸気タービン低圧三段の入口温度が非平衡凝縮に与える影
響を数値解析している。入口温度を変化させることにより非平衡凝縮の初生位置が変化すると同
時に，非平衡凝縮に伴う潜熱の放出がタービントルク自体に影響を与えていることが示されてい
る。さらに，タービントルクを最適化する入口温度が非平衡凝縮と密接に関係していることも示
唆されており，タービンの最適な作動条件を設定する上で，有用な知見である。 
第５章では，高圧環境における非平衡凝縮の典型例として，収縮拡大ノズルを通る超臨界 CO2
熱流動を数値計算して，計算結果を実験結果と比較している。従来の低圧を仮定した非平衡疑縮
モデルでは凝縮自体を捕獲することができなかったのに対して，本研究における高圧環境を考慮
した非平衡凝縮モデルと数値解法を用いることにより，実験で報告されている非平衡凝縮を捕獲
することに成功している。高圧環境の非平衡凝縮が数値計算で捉えられたという点で，今後さら
に実用的な展開が期待できる重要な成果である。 
第６章は結論である。 
以上，要するに本博士論文では，低圧のみならず高圧環境で正確な非平衡凝縮モデルならびに
数値解法を，非平衡凝縮が伴う具体的な熱流動問題の数値計算に応用して得られた有用な知見や
成果が述べられており，情報基礎科学ならびに計算数理科学の発展に寄与するところが少なくな
い。 
よって，本論文は博士（情報科学）の学位論文として合格と認める。 
